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A key biological function of molecular machines is the controlled and directed transport of substrates within cells.[1](#open201500217-bib-0001){ref-type="ref"} While small molecules and ions diffuse to where they are needed, entities such as vesicles or organelles are too large to diffuse through the cytosol and need to be transported by motor proteins. These devices contain a motor domain that moves directionally along a track by consuming adenosine triphosphate (ATP) as a fuel, and an extremity to which appropriate cargos can be attached and detached on demand. Indeed, the development of synthetic nanoscale machines[2](#open201500217-bib-0002){ref-type="ref"} that can actively transport molecular or ionic substrates[3](#open201500217-bib-0003){ref-type="ref"} along specific directions[4](#open201500217-bib-0004){ref-type="ref"} is a stimulating task in nanoscience and can open up unconventional routes in catalysis, smart materials, energy conversion and storage, and medical therapy.[5](#open201500217-bib-0005){ref-type="ref"}

Here we present a study aimed at developing a fully synthetic[6](#open201500217-bib-0006){ref-type="ref"} small‐molecule system that possesses the structural and functional elements to carry out controlled and directed transport of a nanometer‐scale cargo. Our strategy (Figure [1](#open201500217-fig-0001){ref-type="fig"}) relies on a bistable molecular shuttle[7](#open201500217-bib-0007){ref-type="ref"}---a rotaxane in which the ring component can be displaced reversibly between two positions along the track component in response to external stimulation---whose ring component is equipped with a docking site to which the cargo can be attached and detached.[8](#open201500217-bib-0008){ref-type="ref"} From a functional point of view, the design of such a device must consider the following requirements: i) the cargo loading/unloading and ring transfer/return processes should be independent from one another, and controlled by orthogonal stimuli, ii) they should be reversible, and iii) the cargo should remain bound to the machine during the shuttling. Examples of reversible switching among more than two structurally different (supra)molecular states in response to distinct noninterfering stimuli, as shown in Figure [1](#open201500217-fig-0001){ref-type="fig"} \[points (i) and (ii)\], are rare.[9](#open201500217-bib-0009){ref-type="ref"} Point (iii) is also very challenging, especially in combination with the first two requirements, as it calls for the use of kinetically inert bonds for the cargo‐transporter link rather than dynamic supramolecular interactions.[10](#open201500217-bib-0010){ref-type="ref"}

![Design of a molecular transporter based on a bistable rotaxane shuttle and operated by two independent external stimuli, X and Y.](OPEN-5-120-g001){#open201500217-fig-0001}

The system is based on a \[2\]rotaxane architecture comprising a dibenzo\[24\]crown‐8 (DB24C8)‐type ring interlocked with a dumbbell component that possesses two different recognition sites, namely a dibenzylammonium (A) and a 4,4′‐bipyridinium (B) sites (Figure [2](#open201500217-fig-0002){ref-type="fig"} a).[11](#open201500217-bib-0011){ref-type="ref"} Rotaxanes of this kind behave as chemically controlled bistable molecular shuttles.[11](#open201500217-bib-0011){ref-type="ref"} We prepared rotaxane **1**H^3+^ in which the DB24C8 ring is endowed with a short tether ending with a nitrile unit that can serve as an anchor for the cargo (Figure [2](#open201500217-fig-0002){ref-type="fig"} a and Scheme [1](#open201500217-fig-5001){ref-type="fig"}), following published procedures (see the Supporting Information). Our results show that in acetone, the molecular ring in **1**H^3+^ occupies the A site; the addition of 1 equiv of a phosphazene base (P~1~‐*t*Bu) affords quantitatively **1** ^2+^ in which the ring encircles the B site. The addition of a stoichiometric amount of acid (CF~3~SO~3~H) to **1** ^2+^, with respect to the previously added base, regenerates **1**H^3+^ and the ring returns to the A site. In addition to ^1^H NMR and UV/Vis spectroscopy, the mechanical switching process schematized in Figure [2](#open201500217-fig-0002){ref-type="fig"} a can be conveniently observed by voltammetry. The cyclic voltammogram of **1**H^3+^ (Figure [2](#open201500217-fig-0002){ref-type="fig"} b, trace I) exhibits two reversible monoelectronic reduction processes with *E* ~1/2~ values at −0.35 and −0.75 V versus the saturated calomel electrode (SCE), clearly assigned to the bipyridinium unit. These values are consistent with a co‐conformation in which the ring is located on the A site and does not interact with the B site. The addition of base to **1**H^3+^ affords **1** ^2+^, whose reduction processes (Figure [2](#open201500217-fig-0002){ref-type="fig"} b, trace II) are both significantly shifted to more negative potentials. Such an observation clearly indicates that the bipyridinium site is now surrounded by the ring and is involved in charge‐transfer interactions.[11](#open201500217-bib-0011){ref-type="ref"}, [12](#open201500217-bib-0012){ref-type="ref"} The initial voltammetric pattern is restored upon successive addition of acid that regenerates **1**H^3+^ (Figure [2](#open201500217-fig-0002){ref-type="fig"} b).

![a) Acid--base‐controlled ring shuttling in the bistable rotaxane **1**H^3+^/**1** ^2+^. b) Cyclic voltammogram (acetone/TBAPF~6~, 400 μ[m]{.smallcaps}, 300 mV s^−1^) of **1**H^3+^ (I, full line) and of its deprotonated form **1** ^2+^ (II), obtained upon addition of one equivalent of P~1~‐*t*Bu. The successive addition of triflic acid in stoichiometric amount regenerates **1**H^3+^ (I, dashed line).](OPEN-5-120-g002){#open201500217-fig-0002}

![Synthesis of the cargo‐loaded transporter \[**1**H⋅**2**\]^5+^.](OPEN-5-120-g005){#open201500217-fig-5001}

For the cargo loading/unloading reaction, we exploited the photochemical decoordination and thermal recoordination of ligands in appropriately designed ruthenium(II) diimine complexes (Figure [3](#open201500217-fig-0003){ref-type="fig"} a).[13](#open201500217-bib-0013){ref-type="ref"}, [14](#open201500217-bib-0014){ref-type="ref"} In complexes with some distorsion from the octahedral geometry, such as \[Ru(tpy)(bpy)L\]^2+^‐type species (tpy=2,2′;6′,2"‐terpyridine, bpy=2,2′‐bipyridine), the metal‐centered (d--d) excited state (^3^MC) is lowered in energy such that it can be thermally populated from the lowest metal‐to‐ligand charge‐transfer state (^3^MLCT) which, in turn, is efficiently obtained by excitation with visible light. As the ^3^MC state is strongly dissociative, light excitation in this kind of complexes results in the selective expulsion of the monodentate ligand and its replacement by solvent molecules or other entering ligands;[14](#open201500217-bib-0014){ref-type="ref"} successively, the thermally driven recoordination of the expelled ligand may take place in the dark. In recent years, the combination of this kind of reaction with cleverly designed molecular and supramolecular species has led to the construction of interesting photoactive systems.[15](#open201500217-bib-0015){ref-type="ref"}

![a) Photoinduced decoordination and thermal recoordination of a monodentate ligand in the Ru^II^ complex \[**2** L\]^2+^. b) Partial ^1^H NMR spectra (\[D~6~\]acetone, 400 MHz) of \[2⋅CH~3~CN\]^2+^ (I), after irradiation at λ\> 400 nm for 2 h (II). Trace (III) was recorded on the irradiated solution (II) after 7 days in the dark at rt.](OPEN-5-120-g003){#open201500217-fig-0003}

The photochemical ligand expulsion and thermal recoordination was first investigated on the model complex[14](#open201500217-bib-0014){ref-type="ref"} \[**2**⋅CH~3~CN\]^2+^ by monitoring the resonance of the bpy proton in the α‐position and close to the monodentate ligand (H^a^ in Figure [3](#open201500217-fig-0003){ref-type="fig"} a). Such a signal is observed as a doublet centered at 9.92 ppm in the ^1^H NMR spectrum of \[**2**⋅CH~3~CN\]^2+^ (Figure [3](#open201500217-fig-0003){ref-type="fig"} b, trace I). After 2 h of visible light irradiation this doublet disappears and another signal, assigned to \[**2**⋅(CH~3~)~2~CO\]^2+^, shows up at 9.73 ppm, indicating that the acetonitrile ligand has been quantitatively dissociated (Figure [3](#open201500217-fig-0003){ref-type="fig"} b, trace II). Another less intense doublet at 9.84 ppm is observed, tentatively attributed to the \[**2**⋅H~2~O\]^2+^ species, in which the coordination position left vacant by the leaving CH~3~CN ligand is occupied by an adventitious water molecule. If the irradiated solution is left in the dark, the signal corresponding to \[**2**⋅(CH~3~)~2~CO\]^2+^ decreases and those related to \[**2** L\]^2+^ (L=CH~3~CN and L=H~2~O) are both enhanced (Figure [3](#open201500217-fig-0003){ref-type="fig"} b, trace III). The integration of the NMR signals shows that after seven days, when the equilibrium is reached, the initial \[**2**⋅CH~3~CN\]^2+^ complex is regenerated with 35 % yield. The changes in the coordination sphere of the cargo **2** ^2+^ can also be followed by voltammetric methods (see the Supporting Information). The complex \[**2**⋅CH~3~CN\]^2+^ shows a metal‐centered reversible oxidation process at +1.35 V vs. SCE. This signal disappears upon irradiation with visible light and another irreversible process with a peak potential of ∼+1.07 V is observed. In agreement with the NMR results, we assign this new peak to the Ru^II^--Ru^III^ oxidation in the \[**2**⋅(CH~3~)~2~CO\]^2+^ species. The peak broadens and shifts further to less positive potentials upon aging in the dark. Presumably, under the conditions employed for the voltammetric experiments, the weakly bound acetone molecules are replaced by more effective ligands, such as water molecules, anions, or other impurities.

It is worth noting that \[**2**⋅CH~3~CN\]^2+^ is insensitive to the addition of the base used to operate the molecular shuttle, and its photoproduct is insensitive to the presence of triflic acid. Both **1**H^3+^ and **1** ^2+^ are not affected by visible light irradiation. Considering that the coordination bond linking the cargo to the transporter is kinetically inert at room temperature in the dark, we anticipated that our system could fulfill the functional requirements discussed above.

The cargo‐loaded transporter \[**1**H⋅**2**\]^5+^ was obtained by visible light irradiation of an acetone solution of \[**2**⋅CH~3~CN\]^2+^ in the presence of 7 equivalents of **1**H^3+^ for 10 h at room temperature (Scheme [1](#open201500217-fig-5001){ref-type="fig"}). As discussed above, voltammetric techniques are particularly useful to monitor the in situ operation of the molecular transporter: the two reversible monoelectronic reduction processes of the bipyridinium unit of the rotaxane are diagnostic for the position of the DB24C8‐type ring along the axle (Figure [3](#open201500217-fig-0003){ref-type="fig"} a), whereas the position of the Ru^II^--Ru^III^ oxidation peak can be used to determine whether the cargo is attached to the rotaxane or not.

Figure [4](#open201500217-fig-0004){ref-type="fig"} shows a comparison of the differential pulse voltammetric (DPV) peaks measured in the potential window comprised between −0.7 and +1.5 V vs. SCE for the transporter‐cargo system during its stimuli‐controlled switching cycle. The DPV trace of the loaded transporter \[**1**H⋅**2**\]^5+^ exhibits the expected bipyridinium reduction and the Ru‐centered oxidation (Figure [4](#open201500217-fig-0004){ref-type="fig"}, trace I); the corresponding potential values are consistent with the ring being located on the A site and the cargo being coordinated to the nitrile moiety of the transporter. The addition of the base causes a negative shift of the reduction process and no significant change in the oxidation peak potential, indicating the displacement of the ring from A to B with the Ru complex attached to it (Figure [4](#open201500217-fig-0004){ref-type="fig"}, trace II). Successive irradiation in the visible (λ\>400 nm) causes the complete detachment of the cargo, as witnessed by the disappearance of the oxidation peak at +1.34 V and the growth of signals at less positive potentials (Figure [4](#open201500217-fig-0004){ref-type="fig"}, trace III). The invariance of the reduction peak at −0.53 V indicates that the ring is still occupying the B site. The DPV scan obtained after acidification of the solution (Figure [4](#open201500217-fig-0004){ref-type="fig"}, trace IV) shows that the unloaded ring goes back to the A site. At this point, in principle, the transporter would be ready to be reloaded with another cargo molecule. Practically, however, the thermally driven reloading in situ after the electrochemical experiments described in Figure [4](#open201500217-fig-0004){ref-type="fig"} was not obtained, most likely because the weakly bound solvent molecule that occupies the coordination position made free in \[Ru(tpy)(bpy)\]^2+^ after photodissociation is replaced by a stronger ligand and the complex is no longer available for recoordination to the molecular transporter (see above), which by the way is present in stoichiometric amount.

![Differential pulse voltammograms (acetone/TBAPF~6~, 400 μ[m]{.smallcaps}, 20 mV s^−1^) of a solution of the loaded transporter \[**1**H⋅**2**\]^5+^ (I) subjected to the following sequence of stimuli: addition of 1 equiv of the P~1~‐*t*Bu base (II), irradiation at λ\> 400 nm for 1 h (III), and addition of 1 equiv of CF~3~SO~3~H (IV).](OPEN-5-120-g004){#open201500217-fig-0004}

To investigate further the coupled operation of the switching processes in our system, we generated the unloaded transporter **1**H^3+^ and the \[**2** L\]^2+^ cargo in a 1:1 ratio by visible light irradiation of \[**1**H⋅**2**\]^5+^, and we successively left the solution in the dark at room temperature (see the Supporting Information). The analysis of the DPV peak intensity indicates that the thermally driven recoordination of the Ru complex to obtain the \[**1**H⋅**2**\]^5+^ species takes place with a yield of about 30 %, in agreement with the results obtained for the \[**2** L\]^2+^ complex. Thereafter, electrochemical measurements revealed that the so‐produced reloaded transporter can be displaced by addition of base and unloaded photochemically. In this experiment, however, the addition of acid to complete the cycle (Figure [1](#open201500217-fig-0001){ref-type="fig"}) caused a degradation of the system, presumably because the products arising from thermal recoordination of the photodissociated **2** ^2+^ complex undergo a decomposition reaction in the presence of acid.

In summary, we have realized a strategy for capturing, transporting, and releasing a molecular substrate with a synthetic molecular machine in solution under control of external signals. Owing to the orthogonality of the reactions and the stimuli at the basis of the working mechanism, the loading/unloading and transfer/return processes can be controlled independently. The robust coordination bond ensures that the cargo remains attached to the transporter during the displacement. The shuttling process is fully reversible both for the loaded and unloaded transporters, and the photochemical unloading of the cargo proceeds with high yields; the thermally driven in situ reloading, however, is not completely efficient and generates byproducts that interfere with the operation of the machine.

An important feature of the transporter approach is that the transport direction is fixed and dictated with nanoscale precision by the orientation of the track with respect to its surroundings. To this purpose the track should be immobilized in some way (e.g., deposited on a surface, embedded in a membrane, or held still at its extremities) while maintaining its functionality. Compartmentalization of the solution by means of membranes would also help minimizing undesired interferences of the machine with its cargo. These ambitious goals, however, are well beyond the scope of the present work. The gain in directionality is balanced by the slow transport rate: on the basis of kinetic data obtained on a parent rotaxane under similar conditions,[11b](#open201500217-bib-0011b){ref-type="ref"} the shuttling is expected to need hundreds of milliseconds at room temperature, while the cargo would cover the same distance (ca. 0.7 nm)[11](#open201500217-bib-0011){ref-type="ref"}, [12](#open201500217-bib-0012){ref-type="ref"} in less than 1 ns by diffusion.[16](#open201500217-bib-0016){ref-type="ref"} Research aimed at improving the reversibility, efficiency, and general applicability of the transport strategy, increasing the transport distance,[17](#open201500217-bib-0017){ref-type="ref"} and incorporating the rotaxanes in heterogeneous structures[18](#open201500217-bib-0018){ref-type="ref"} is underway in our laboratory.

Experimental Section {#open201500217-sec-0002}
====================

**Materials**. All reactants and solvents for synthesis were purchased from Sigma Aldrich and used without further purification. Dry solvents were bought dry and used directly. Spectroscopic grade (Uvasol) acetone and tetrahydrofuran (THF) were purchased from Merck; ferrocene and triflic acid were purchased from Aldrich; tetrabutylammonium hexafluorophosphate (TBAPF~6~) and phosphazene base *N*‐*tert*‐butyl‐*N′,N′,N′′,N′′,N′′′,N′′′*‐hexamethylphosphorimidic triamide (P~1~‐*t*Bu) were purchased from Fluka. All chemicals were used as received. P~1~‐*t*Bu and triflic acid were added in the electrochemical cell or in the cuvette from a concentrated solution (typically 4 m[m]{.smallcaps}): P~1~‐*t*Bu was dissolved in acetone, whereas triflic acid was dissolved in THF immediately prior to use to avoid solvent polymerization.

**Synthesis**. The unloaded rotaxane \[**1**H\](PF~6~)~3~, its dumbbell‐shaped and ring components, and the Ru^II^ complex \[**2**⋅CH~3~CN\](PF~6~)~2~ were prepared according to published procedures, with modifications. A complete description of the synthetic methodologies and the characterization data (mass spectrometry and ^1^H and ^13^C NMR) are reported in the Supporting Information.

**Electrochemical measurements**. Cyclic voltammetric (CV) and differential pulse voltammetric (DPV) experiments were carried out at room temperature in Ar‐purged acetone (Uvasol) with an Autolab 30 multipurpose instrument interfaced to a PC. A glassy carbon working electrode, a Pt wire counterelectrode, and an Ag wire pseudoreference electrode were employed; ferrocene was present as an internal standard. The concentration of the compounds under examination comprised between 2×10^−4^ and 4×10^−4^  [m]{.smallcaps}; TBAPF~6~ (0.04 [m)]{.smallcaps} was the supporting electrolyte. Cyclic voltammograms were obtained at sweep rates varying typically from 0.02 to 1 V s^−1^; DPVs were performed with a scan rate of 20 mV s^−1^, a pulse height of 75 mV, and a duration of 40 ms.

**UV/Vis spectroscopy and photochemistry**. Absorption spectra were recorded with a Varian Cary 50Bio, Agilent Technologies Cary 300, and PerkinElmer Lambda45 spectrophotometers, on air‐equilibrated acetone solutions at rt (∼20 °C), with concentrations ranging from 1.0×10^−5^ to 2.5×10^−3^  [m]{.smallcaps}. Solutions were examined in 1 cm or 1 mm spectrofluorimetric quartz cells. Photochemical reactions were performed on thoroughly stirred acetone solutions at rt (ca. 20 °C) using a 150 W tungsten halogen lamp equipped with a cutoff filter (*λ*=388 nm). Samples were irradiated either directly in the electrochemical cell or in a sealed cuvette. Further NMR and UV/Vis spectra and voltammetric results of switching experiments carried out on both the unloaded and loaded molecular transporters are reported in the Supporting Information.
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